The EUV photoreactivity of platinum and palladium mononuclear complexes has been investigated. Many platinum and palladium complexes show little or no EUV sensitivity, however, we have found that metal carbonates and metal oxalates (L 2 M(CO 3 ) and L 2 M(C 2 O 4 ); M = Pt or Pd) are sensitive to EUV. The metal-carbonates give negative tone behavior. The most interesting result is that the metal oxalates give the first positive-tone EUV resists based on mono-nuclear organometallic compounds. In particular, (dppm)Pd(C 2 O 4 ) (dppm = 1,1-Bis(diphenylphosphino)methane) (25) prints 30-nm dense lines with E size of 50 mJ/cm 2 . To improve the lithographic performance of (25), the processing conditions were studied. A bake study showed that bake affected sensitivity and dark loss very little, while dark loss worsened with development time. Derivatives of (25) were synthesized to explore the effect of molecular weight on resist sensitivity, but the study showed no correlation between molecular weight and sensitivity.
INTRODUCTION
EUVL (Extreme Ultraviolet Lithography) is anticipated to succeed 193 nm immersion lithography to meet the demands of the 10 nm node. 1 Unfortunately EUVL is facing major challenges that have, and still are, preventing this lithography from being implemented in manufacturing. One of the main challenges of EUVL is low source power. Highly sensitive resist systems are therefore essential to EUVL, which can supplement the source power to produce the required 100 wafers per hour. As EUV resists achieve better resolution, they must be coated thinner to prevent line collapse, 2 which minimizes the resist absorption. Chemically Amplified Resist systems (CAR) are too transparent to EUV as they mainly consist of low EUV optically dense carbon, hydrogen and oxygen ( Figure 1 ). The low number of EUV photons available and the low EUV absorbance of the CAR resists leads not only to low sensitivity platforms but also to statistical roughness (shot noise) that limits LER. As industry is moving towards the 16 and 10 nm node, more sensitive resist systems are required. Inspired by the work of Inpria and Cornell University who were the first to introduce the concept of metal containing resists, [3] [4] [5] [6] we are introducing a resist platform consisting of high optical density molecular organometallic compounds. As the elemental composition of the resist determines the photon absorption at EUV, 1 we
propose that composing resists of high optical density metals will increase EUV photon absorption, thus answering some of the challenges facing EUVL. Figure 1 shows the periodic table with shading to symbolize the EUV optical density of the elements. In exploring the periodic table, we discovered successful resist systems based on a wide variety of elements. Here we will present the synthesis and lithographic evaluation of compounds containing platinum or palladium. Platinum and palladium behave very similarly, although palladium is more reactive. 7 The resist systems have been evaluated lithographically at the Berkeley Micro Exposure Tool (BMET) and at the Paul Scherrer Institut (PSI) in Villigen, Switzerland. 
RESULTS AND DISCUSSION

Preliminary Studies
Previously, we have been successful in identifying organometallic complexes as having EUV sensitivity despite the fact that these complexes have never been shown to be photosensitive at longer wavelengths. 8 Specifically, we have shown that tin oxoclusters undergo reaction upon exposure to EUV light by mechanisms most likely involving the homolytic cleavage of tin-carbon bonds. Based on this knowledge we preliminary tested the EUV lithographic performance of platinum and palladium by screening a wide range of synthetically accessible complexes (Figure 2 ), without being concerned with evidence of photoreactivity at longer wavelengths. These complexes are readily soluble, easy to spin coat and have high metal content. The complexes containing the ligand cis, cis-1,5-cyclooctadiene (COD) were suspected to β-hydride eliminate, which could create a photo-response in the resist upon exposure.
The compounds were spin coated in either acetone nitrile/PMA or toluene and tested for lithographic performance at BMET. Unfortunately, no latent image was visibly detected but a chemical change did happen in the material upon exposure which could be seen when breathing on the material. We suspect that a polarity change happened in the material upon exposure to EUV giving it breath observability. Unfortunately, this change was not enough to produce an imageable resist. 
Platinum and Palladium Complexes with Azide, Carbonate and Oxalate
After determining that the easily prepared platinum and palladium complexes described above gave poor EUV sensitivity, we began an investigation into platinum and palladium complexes in combination with ligands known for photoreactivity in transition metal complexes at longer wavelengths. We prepared complexes containing azide (N 3 ), carbonate (CO 3 ) and oxalate (C 2 O 4 ) ligands which are known to produce photoreactions at longer wavelengths for a number of transition metal complexes.
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Azides
We synthesized six azide complexes using both phosphines and amines as neutral ligands ( Figure  3) . 11, 13, 14 These compounds were spin-coated from mixtures of methanol and ethyl lactate to form amorphous films, then evaluated lithographically at EUV using the interference lithographic tool at PSI. Unfortunately, the azide complexes showed no lithographic performance. The latent image was barely visible and development produced no visible image. 
Carbonates
Four L 2 M(CO 3 ) complexes were synthesized 11 since transition metal carbonates are known to show photoreactivity to ultraviolet light ( Figure 4) . 11, 12 Indeed, we found that three of these resists exhibited negative-tone behavior as EUV resists. Unfortunately, their sensitivity was poor and they have poor solubility properties, and very little additional work was done with them.
Oxalates
The photochemistry of oxalates is well documented, 10,11 and in our own work, we have found that oxalate complexes of first-row transition metals produce negative-tone EUV resists capable of 18-nm resolution with sizing doses of 30 mJ/cm 2 . 15 To investigate the EUV photo-reactivity of L 2 M(C 2 O 4 ), four complexes were initially synthesized according to previously described methods (Figure 4) . 11 These compounds were spin-coated in either 1:2 acetone nitrile/ethyl lactate or 1:2 methylene chloride/PMA and exposed to EUV at PSI. Within the MORE project, ~90% of our resists have been negative tone. Consequently we were expecting the L 2 M(C 2 O 4 ) to behave as negative tone resists and developed them accordingly. It was by a mere accident that we discovered the positive tone behavior of these resists by developing them in a mixture of methyl isobutyl ketone (MIBK) and toluene, not clearing the unexposed areas, but clearing the areas exposed ( Figure 5 ). As seen in Figure 4 , (dppm)Pd(C 2 O 4 ) (25) demonstrated the best sensitivity with an E 0 of 78 mJ/cm 2 and was able to print 30 nm dense lines at an E size of 50 mJ/cm 2 ( Figure 6C ).
Processing Conditions of (dppm)Pd(C 2 O 4 ) (25)
A study was conducted to determine the effect of bake and development time on the shape of positive-tone contrast curves of (dppm)Pd(C 2 O 4 ) (25). Specifically, we studied contrast curve performance with and without soft-bake; with and without post-exposure bake (PEB); and using short (10 s) and long (20 s) development times ( Figure 7 ). The composition of the developer (10% MIBK/toluene) was kept constant throughout the whole experiment. We studied two responses: E M and dark loss. As the contrast curves for the L 2 M(C 2 O 4 ) resists behaves differently than conventional resists, we felt the need to define a point for equal comparison of sensitivity between the different experiments. E M is defined as the minimum dose at extrapolated contrast curve ( Figure 7A ). The L 2 M(C 2 O 4 ) resist system struggles with dark loss, which is the loss in mass in the unexposed areas before and after development. Consequently we wanted to monitor dark loss and find the best processing condition, optimizing both sensitivity and dark loss.
For the most part, the lithographic performance of this resist was unaffected by bake. Although a couple of responses changed by 14%, most changes were less than 5%. Conversely, E M and dark loss were strongly dependent upon development time. This study indicates poor developer selectivity for this resist system. 
Effect of Metal and Phosphine Ligands
Seven different platinum and palladium oxalates were synthesized with different phosphine ligands (Figure 8 ).
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These complexes were coated on wafers and exposed to EUV using the interference lithographic tool at PSI. In general, palladium complexes produced faster EUV resists than did platinum complexes. Direct comparisons can be made for complexes 23 vs. 25 and for 26 vs. 27. EtPh2P'db
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Proposed Photomechanism
Potential photo-mechanisms and photoproducts are illustrated in Figure 9 . Apart from the first step in the mechanism, which is well understood, the rest are hypothesized until future experiments can verify them. We hope to accomplish this through irradiation studies using NMR, IR and XPS as well as synthesizing authentic samples of potential photoproducts for comparison. 
CONCLUSIONS
We have investigated the photo-reactivity of mononuclear platinum and palladium complexes in EUV. Preliminary results showed the need for a photoactive ligand and lithographic performance was discovered for L 2 M(CO 3 ) and L 2 M(C 2 O 4 ) resist systems. The processing conditions were investigated for our most promising resist (dppm)Pd(C 2 O 4 ) (25) which showed that bake had little effect on resist performance, but dark loss worsened with development time. Further investigation will be done to try to identify a better development solvent with less dark loss. A series of L 2 M(C 2 O 4 ) complexes were synthesized to investigate sensitivity with respect to molecular weight and to better understand the photomechanism. We used E 0 (mJ/cm 2 ) to compare the resist performance, and we demonstrated that using palladium as a core metal offers faster resists than when platinum is used. The L 2 M(C 2 O 4 ) resist system shows no correlation between sensitivity and molecular weight. Future work consists of isolating the photoproducts and mapping out the photo-mechanism of (25). By achieving this we hope to better understand how this resist system works and potentially help us to improve its lithographic performance.
EXPERIMENTAL METHODS
General. All reactions were carried out under inert atmosphere. Platinum metal was purchased from Alfa Aesar and palladium(II) chloride were purchased from Sigma Aldrich. cis, cis-1,5-Cycloocadiene was purchased from Sigma Aldrich and the phosphine ligands were purchased from both Strem and Sigma Aldrich. All other reagents were purchased from Sigma Aldrich. All reagents were used as received unless otherwise specified.
Resist Formulation and Imaging. Resist formulations were made by dissolving solids in 1:2 acetonitrile/ethyl lactate or 1:2 methylene chloride/PMA and filtering through a 0.2 µm PTFE filter.
Formulations were spin-coated on a custom underlayer (crosslinked hydroxyethyl methacrylate/methyl methacrylate copolymers) on 4-inch silicon wafers. 40-nm to 60-nm thick resist films were made by adjusting spin-speed and formulation concentration. Resist films were then exposed with 13.5-nm radiation and developed with a mixture of MIBK and toluene or MIBK and hexanes. Exposures were performed at Paul Scherrer Institut on the XIL-II beamline using interference lithography.
SEM Metrology. Scanning electron microscope micrographs were collected at Paul Scherrer Institut on a Zeiss Supra VP55. Accelerating voltage was set between 1-2 KeV and the working distance was 4 mm. All images were at either 150 kx or 200 kx magnification.
LER Analysis.
All LER values were obtained from the analysis of the SEM micrographs in SuMMIT Lithography Image Analysis software.
